Ubiquitin receptors connect substrate ubiquitylation to proteasomal degradation. HHR23a binds proteasome subunit 5a (S5a) through a surface that also binds ubiquitin. We report that UIM2 of S5a binds preferentially to hHR23a over polyubiquitin, and we provide a model for the ternary complex that we expect represents one of the mechanisms used by the proteasome to capture ubiquitylated substrates. Furthermore, we demonstrate that hHR23a is surprisingly adept at sequestering the ubiquitin moieties of a polyubiquitin chain, and provide evidence that it and the ubiquitylated substrate are committed to each other after binding.
Introduction
Ubiquitin signaling regulates an astounding array of cellular events and remains essential throughout the life-cycle of a cell. In its most established role, ubiquitylation targets proteins for degradation by the 26 S proteasome, 1 a process important for controlling the lifespan of regulatory proteins, removing misfolded proteins, 2 producing immunocompetent peptides, 3 activating and repressing transcription, 4, 5 and regulating cell-cycle progression. 6 Ubiquitin-mediated protein degradation begins with an enzymatic cascade that culminates in the attachment of polyubiquitin to a protein substrate. Substrates conjugated with chains linked by K48 7 or K63 8 of ubiquitin are degraded by the proteasome. Little is known of the pathway(s) that connects ubiquitylation to proteasomal degradation; however, ubiquitin receptors undoubtedly have key roles in this process. Two proteasomal ubiquitin receptors have been identified including S5a 9 and S6′. 10 S5a contains two functional elements, an N-terminal 188 amino acid residue von Willebrand A (VWA) domain and two ubiquitin-interacting motifs (UIMs) that bind ubiquitin (Figure 1 ). 11 The VWA domain is conserved in Rpn10, the yeast homologue of S5a, which is truncated after UIM1. Therefore, this N-terminal domain is expected to mediate S5a/ Rpn10 proteasome association.
In addition to binding ubiquitin, the UIMs of S5a bind members of the UBL/UBA ubiquitin receptor family, which exist largely free of the proteasome. 12, 13 The UBL/UBA family of proteins are defined by ubiquitin-associated (UBA) domains that bind ubiquitin, [14] [15] [16] and ubiquitin-like (UBL) domains that bind the proteasome. 12, 13, 17, 18 They have attracted much attention for their ability to regulate the lifespans of other proteins. The three UBL/UBA family members in Saccharomyces cerevisiae, Rad23 (hHR23a/b in humans), Dsk2 (hPLIC-1/ 2 in humans) and Ddi1, recruit ubiquitylated substrates to the proteasome for degradation. [19] [20] [21] [22] [23] [24] Importantly, mice lacking the two Rad23 homologues (mHR23a/b) die as embryos, 25 suggesting that it has an essential role in delivering one or more ubiquitylated substrates to the proteasome in mam-mals. Experiments in yeast demonstrated that Rad23 provides an Rpn10-independent pathway to the proteasome. 20, 23 In previous studies, we determined the structure of hHR23a to reveal that its UBL domain interacts dynamically with each of its UBA domains ( Figure  1 ). 26 These interactions are abrogated in the presence of ubiquitin, 16 the preferred UBA domain binding partner, or S5a, 26 the preferred UBL domain binding partner. Indeed, the binding constant for hHR23b binding to UIM2of S5a is 3.4 μM, 27 and structures of the hHR23a/UIM2 28 or hHR23b/ UIM2 27 complexes demonstrate strong hydrophobic and polar contacts between these two proteins. S5a and hHR23a/b each have two ubiquitin binding regions that are connected by flexible linkers, and this shared attribute may contribute to their preference for longer polyubiquitin chains. 16 Very little is known of how polyubiquitin behaves in an environment of multiple receptors, yet such knowledge is essential to determine how substrates are delivered to the proteasome. The structure of K48-linked tetraubiquitin revealed that its ubiquitin subunits pack against each other; 29 however, K48-linked tetraubiquitin binds multiple Rad23 molecules, 30 indicating that it adopts an opened conformations when bound to this ubiquitin receptor.
Here, we demonstrate that hHR23a is surprisingly efficient at sequestering the ubiquitin moieties of a chain such that the binding of additional receptors is strongly disfavored, even for octaubiquitin. HHR23a changes its own conformation 26 to bind S5a, 12 but through a surface on S5a that also binds ubiquitin. S5a contains two UIMs (Figure 1) , the second of which (UIM2) exhibits a fivefold stronger binding affinity for monoubiquitin 31 and binds hHR23a. 12 Intriguingly, we reveal that S5a binds hHR23a in the presence of tetraubiquitin and we use NMR spectroscopy to define the resulting ternary complex. Our findings yield a mechanistic model for how the proteasome captures its substrates.
Results
HHR23a UBA domains sequester polyubiquitin By using a previously established assay, 30 we determined that the UBA domains of hHR23a are highly efficient at sequestering the ubiquitin moieties of K48-linked and K63-linked tetraubiquitin. Purified glutathione-S-transferase (GST)-tagged hHR23a bound to glutathione S-Sepharose resin was exposed to K48-linked (Figure 2(a) ) or K63-linked ( Figure 2 (b)) chains followed by untagged hHR23a protein (see Materials and Methods). Surprisingly, K48 and K63-linked tetraubiquitin supported the binding of only one hHR23a molecule. This result was observed even with hHR23a variants containing only one intact UBA domain (Figure 2 (a) and (b)); namely, those with the L355A or L198A mutation incorporated (Figure 1 ). 15, 16 Furthermore, hHR23a binding to tetraubiquitin remained stoichiometric even when either protein was present at large molar excess, as measured by analytical ultracentrifugation. In particular, the maximum value in the plot of s w versus tetraubiquitin:hHR23a molar ratio is close to 1:1 stoichiometry (Figure 3(a) ). Furthermore, our data match closely with a theoretical plot for 1:1 binding stoichiometry (Figure 3(a) , red). The experimental data are slightly above the theoretical line at higher tetraubiquitin: hHR23a molar ratios due to the presence of small amounts of aggregates under those conditions. For this analysis, we used a previously determined sedimentation coefficient for hHR23a of 2.22 S (data not shown). The sedimentation coefficient for tetraubiquitin was obtained from the DcDt+ analysis of samples containing tetraubiquitin:hHR23a at molar ratios where tetraubiquitin was in excess, with a resulting value of 2.5 S. This value was supported by c(s) analysis (data not shown). Finally, c(s) analysis of each mixture revealed the presence of two peaks, a slower one in the region expected for the component in excess, and a faster one in the region expected for the 1:1 complex (∼3.8 S). A representative c(s) profile is provided in Figure 3 (b) for the sample with a tetraubiquitin:hHR23a molar ratio of 0.64:1. The relative peak areas for this sample were 18% for the peak at 2.26 S and 82% for the peak at 3.7 S. These values are quite close to the expected values of 23% and 77% for tetraubiquitin and hHR23a forming a 1:1 complex. The SEDPHAT analysis of the data for the two samples containing tetraubiquitin:hHR23a at molar ratios nearest to 1:1 yielded a molecular mass of 76.2(±1.6) kDa and a corrected sedimentation coefficient, s 20,w , of 3.8(±0.07) S. This result matches closely with the sequence molecular mass for the 1:1 molar complex of hHR23a and tetraubiquitin, which is 74.3 kDa.
We tested whether two hHR23a proteins bind octaubiquitin and found that its binding to a second hHR23a molecule is unexpectedly weak ( Figure  2(c) ). In particular, only small quantities of untagged hHR23a are retained in a ternary complex with GSThHR23a and octaubiquitin (Figure 2 (c), upper panel lane 1). Altogether, these data suggest that the hHR23a UBA domains are highly efficient at sequestering the ubiquitin moieties of tetraubiquitin, and that two tetraubiquitins do not bind hHR23a simultaneously, suggesting that hHR23a commits to a single ubiquitylated substrate.
The data of Figure 2 (a) and (b) suggest that either UBA domain of hHR23a can support binding to polyubiquitin, as the L198A and L355A variants bind tetraubiquitin. It is worth noting that tetraubiquitin is not retained on GST-bound resin, 30 and that the observed interaction is therefore not a result of nonspecific binding to the resin. To further validate this result, we acquired [ 1 H, 15 N] HSQC spectra on 15 Nlabeled hHR23a alone and in the presence of twofold molar excess of K48-linked tetraubiquitin. The effect of adding tetraubiquitin to hHR23a is summarized in Figure 3 (c), which was derived as described in Materials and Methods. As expected, each of the UBA domains of hHR23a exhibited significant chemical shift perturbations in the presence of tetraubiquitin (Figure 3(c) ). The UBL domain is also affected, as UBL/UBA domain interactions are disturbed. This result was observed also when the UBA domains of hHR23a bound monoubiquitin. 16 Altogether, these data provide strong evidence that each UBA domain of hHR23a binds K48-linked tetraubiquitin.
Earlier, we demonstrated that tetraubiquitin can bind simultaneously to Rad23 and hHR23a. 30 This experiment is used as a positive control in Figure  2 (a) and (b). In these experiments, tetraubiquitin is incubated with his-tagged Rad23 bound to Ni-NTA agarose resin. After washing the resin extensively, GST-tagged or untagged hHR23a is added, and the resin is again washed extensively. In this experiment, each of the hHR23a species is retained on the resin only when His-tagged Rad23 is added. 30 The data suggest that Rad23 uses a different mechanism to bind tetraubiquitin or changes the tetraubiquitin binding mode of hHR23a. Indeed, UBA2 of Rad23 differs significantly from the UBA domains of hHR23a, as it mediates Rad23 dimerization. 30, 32 Further experiments are required to determine whether hHR23a or Rad23 exhibit preference for different ubiquitin subunits in a polyubiquitin chain.
S5a binds preferentially to hHR23a over tetraubiquitin
We used NMR spectroscopy to test whether it is mechanistically plausible for hHR23a to deliver polyubiquitin to S5a. The hHR23a/S5a interaction occurs via UIM2 of S5a, 12 which also binds ubiquitin.
11 Surprisingly, the hHR23a/S5a interaction was found to be unaffected by tetraubiquitin. In particular, the hHR23a UBL domain (Figure 4(a) ) and S5a UIM2 (Figure 4(b) ) bind each other in an Conversely, Figure 4 (b) shows an expanded region of [ 1 H, 15 N] HSQC spectra acquired on 15 N-labeled S5a by itself (black), mixed with equimolar quantities of hHR23a (blue), or with equimolar quantities of hHR23a and tetraubiquitin (red). The comparisons reveal that the S5a UIM2 resonances exhibit identical chemical shift changes upon addition of hHR23a when tetraubiquitin is present. Furthermore, when the mixture containing equimolar quantities of the three proteins is subjected to size-exclusion chromatography, the three proteins co-elute with no higher or lower molecular mass species ( Figure 5 ). Altogether, these results provide strong evidence that the S5a UIM2 binds preferentially to the hHR23a UBL domain over tetraubiquitin.
HHR23a UBA2 and S5a UIM1 bind tetraubiquitin
Our data indicate that in the presence of S5a, hHR23a UBA2 residues bind tetraubiquitin, whereas those of UBA1 do not (Figure 4(a) ). In particular, resonances derived from UBA2 residues exhibit severe broadening (such as E334 or E348) or chemical shift perturbations (such as S335 or T317) in the samples containing tetraubiquitin and S5a. In contrast, UBA1 resonances exhibit only minor perturbations, as demonstrated in Figure 4 (a) for R177, V181, and L184. S5a UIM1 binds ubiquitin 11 but not hHR23a. 12 Our NMR experiments reveal that as UIM2 binds hHR23a UBL domain, UIM1 residues bind tetraubiquitin (Figure 4(b) , right panels). In particular, resonances originating from UIM1 residues exhibit severe resonance broadening in the samples containing hHR23a and tetraubiquitin. No effect is observed when tetraubiquitin is absent.
Discussion
Altogether, our results indicate that the hHR23a UBA2 domain binds tetraubiquitin as its UBL domain binds S5a UIM2, which facilitates UIM1 binding to the polyubiquitin. These findings lead to a model of the ternary complex that provides insight into how ubiquitylated substrates are captured by the proteasome (Figure 6 ). In particular, UIM1 is proximal to the S5a 188 residue VWA domain, which is expected to mediate its proteasome association. Therefore, UIM1 is expected to be deeper within the proteasome and its interaction with polyubiquitin, facilitated by the UIM2/UBL domain interaction, offers a mechanism for moving substrates into the proteasome.
We demonstrate that hHR23a binding to tetraubiquitin is stoichiometric over a wide range of molar ratios, which include either protein being at greater than fivefold molar excess over the other. There are two mechanisms by which hHR23a could block or dramatically reduce the binding of another molecule to tetraubiquitin or octaubiquitin, respectively. In particular, a preferred binding orientation could exist whereby binding to certain subunits, such as the terminal subunits, is not desirable, or multiple ubiquitin subunits could bind the UBA domains simultaneously. These two possibilities are supported by the significantly weaker binding observed to monoubiquitin 33 and by the structure of the hHR23a UBA2 domain complexed with diubiquitin. 34 In this structure, the UBA domain is sandwiched between the two ubiquitin subunits. The tendency of HHR23a to bind only one polyubiquitin chain and its exclusion of additional proteins suggests that it becomes committed to a single ubiquitylated substrate. Furthermore, this property seems to have evolved in eukaryotic family members, as Rad23 (yeast ortholog of hHR23a/b) binds to Rad23-bound 30 or hHR23a-bound ( Figure  2(a) and (b) ) tetraubiquitin.
S5a was identified for its role as a proteasomebound ubiquitin receptor, and later found to bind hHR23a 12 and other ubiquitin receptors. 13 The Figure 4 . Characterizing the hHR23a/S5a/tetraubiquitin complex by NMR. (a) HHR23a binds S5a and tetraubiquitin simultaneously. An expanded region of [ 1 H, 15 N]-HSQC spectra of 15 N-labeled hHR23a alone (black), with equimolar quantities of S5a (196-306) (blue), or with equimolar amounts of S5a (196-306) and K48-linked tetraubiquitin (red) illustrates that hHR23a binding to S5a is unaffected by tetraubiquitin. The resonances of E334 and E348 (labeled in blue) are broadened severely and those of S335 and T317 shifted by tetraubiquitin, whereas those of R177, V181, and L184 (labeled in red) are unaffected. The UBL, UBA1 and UBA2 domains of hHR23a span residues M1-A81, T159-T200, Q319-E363, respectively. For spectra acquired on hHR23a, S5a and tetraubiquitin (red), equimolar quantity of K48-linked tetraubiquitin was added to 15 N-labeled hHR23a. Unlabeled S5a was added to this mixture and spectra recorded at 1:1:0 (not shown), 1:1:0.5 (not shown), 1:1:1 (red), and 1:1:2 (not shown) molar ratio of hHR23a: tetraubiquitin: S5a (196-306). The experiments were recorded on 0.32 mM 15 N-labeled hHR23a in 20 mM sodium phosphate (pH 6.5), 30 mM NaCl, 0.1% amino acid residues used to bind ubiquitin, however, overlap with those that bind hHR23a, 11, 12 and therefore it was not known whether this interaction occurs in the presence of a ubiquitylated substrate. Here, we demonstrate that the hHR23a UBA2 domain binds tetraubiquitin as its UBL domain binds the S5a UIM2. Within this complex, the S5a UIM1 binds polyubiquitin and, when S5a is assembled into the proteasome, this interaction could have an important role in capturing substrates ( Figure 6 ). In summary, we expect that the model presented in Figure 6 represents one mechanism by which ubiquitylated substrates are captured by the proteasome.
Materials and Methods

Sample preparation
Tagged and untagged versions of hHR23a wild-type protein as well as variants with the L198A or L355A mutations incorporated were expressed and purified from Escherichia coli as described. 16, 26 K48-linked and K63-linked tetraubiquitin was purchased (Boston Biochem Inc.) or synthesized using a previously published protocol, 35 which was also used to produce K48-linked octaubiquitin. S5a (196-306) was expressed and purified as described. 31 
Western blot analysis
The experiments to determine whether two hHR23a proteins bind a common polyubiquitin chain were performed as described. 30 Purified GST-tagged hHR23a (0.1 nmol) or its L198A, L355A mutants were bound to 20 μl of pre-washed glutathione S-Sepharose resin. Each resin was allowed to mix at 4°C overnight with K48-linked or K63-linked tetraubiquitin (Boston Biochem Inc.), or octaubiquitin, and then washed extensively with buffer A (20 mM sodium phosphate (pH 6.5), 50 mM NaCl, 0.5% (v/v) Triton X-100). The resin was next incubated with untagged hHR23a wild-type or mutated protein for 1 h at 4°C. Each resin was pelleted by centrifugation and then washed extensively with buffer A. As a control, 0.1 nmol of purified His-tagged Rad23 was bound to 20 μl of prewashed Ni-NTA resin (Qiagen), and mixed with K48-linked (Figure 2(a) ) or K63-linked (Figure 2(b) ) tetraubiquitin and GST-tagged hHR23a or untagged hHR23a under the same conditions, and washed extensively with buffer B (50 mM Tris-HCl (pH 8.0), 100 mM NaCl, 20 mM imidazole, 10% (v/v) glycerol). In all cases, proteins that were retained on the resin were fractionated by electrophoresis, whereas proteins in the supernatant were precipitated by 10% (w/v) trichloroacetic acid, resolved by SDS-PAGE, transferred to a PVDF membrane, and probed with anti-hHR23a antibody (Abcam) and antiubiquitin antibody (Invitrogen). Visualization was performed using anti-rabbit or anti-mouse horseradish peroxidase and ECL.
Sedimentation velocity analysis
Stock samples of hHR23a and K48-linked tetraubiquitin were prepared at concentrations of 21.8 mg/ml and 20.7 mg/ml, respectively, in 20 mM sodium phosphate (pH 6.5), 30 mM NaCl. Seven concentration ratios of the proteins were prepared, ranging from ∼12:1 to ∼1:6 at a constant total protein concentration of ∼30 μM. The dilutions were then subjected to sedimentation velocity experiments at 20°C and 50,000 rpm (An-60 Ti analytical rotor) using a Beckman-Coulter XLI analytical ultracentrifuge. Interference scans were acquired at 1 min intervals for 4.5 h. A g(s) analysis of the data for each mixing ratio was performed using the program DcDt+. 36, 37 The weight average sedimentation coefficient, s w , for each mixture was calculated by integration of the g(s) profile over the range of sedimentation coefficients covered by the analysis. The plot of s w versus the molar ratio of the two components will have a maximum value at the correct stoichiometric ratio of the complex. Data were also analyzed by the c(s) method using SEDFIT. 38 Figure 5. An expanded region of a chromatogram and accompanying gel demonstrate that hHR23a, S5a and tetraubiquitin co-elute after size-exclusion chromatography. Equimolar quantities of hHR23a, S5a (196-306) and K48-linked tetraubiquitin were incubated for 1 h at 4°C, and passed through an FPLC system equipped with a Hiload 16/60 Superdex 200 preparation grade column (Amersham Pharmacia Biotech). Only one peak was observed, which was confirmed to contain all three components by polyacrylamide gel electrophoresis and staining with Coomassie brilliant blue. The retention volume of the fractions containing hHR23a, S5a and tetraubiquitin spanned 59.5-65.5 ml, which is reasonable for the 87 kDa complex as albumin (67 KDa) elutes at ∼75 ml. Lanes labeled I and M contain an aliquot of the mixture before FPLC injection and a molecular mass marker, respectively.
Theoretical weight average sedimentation coefficient (s w ) values were calculated by using equation (1) , in which the c(i) and s(i) are the weight concentrations and sedimentation coefficients of each species, respectively: s w ¼ ½ðcðAÞsðAÞÞ þ ðcðBÞsðBÞÞ þ ðcðABÞsðABÞÞ=½ðcðAÞ þ cðBÞ þ cðABÞÞ ð1Þ
The data for the two samples with molar ratios closest to 1:1 were also analyzed using the program SEDPHAT 39 with a model that allows characterization of the predominant species present in solution.
NMR spectroscopy
All NMR samples were dissolved in 20 mM NaPO 4 (pH 6.5), 30 mM NaCl, 0.1% (w/v) NaN 3 , and 10% 2 H 2 O. Spectra were acquired at 25°C on Varian NMR spectrometers operating at 800 MHz with a cryogenically cooled probe. Processing was performed in NMRPipe 40 and the resulting spectra werevisualized in XEASY. 41 Protein concentrations were calculated by using extinction coefficients based on amino acid composition and absorbance at 280 nm for protein dissolved in 6M guanidine-HCl.
Chemical shift perturbation (CSP) data for hHR23a binding to tetraubiquitin were obtained for each amino acid residue by comparing the amide chemical shift values of hHR23a alone with those of hHR23a in the presence of twofold molar excess tetraubiquitin. Values were calculated according to:
In this equation, Δδ N and Δδ H represent the changes in the amide nitrogen and proton chemical shifts (in parts per million), respectively.
